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The object of the present paper is to show the effect of the cellulose 
wail on the rate of entrance of electrolytes and of water into Valonia 
macrophysa, Kfitz. 
In the laboratory, when the cells are illuminated, the rate of growth 
in sea water is slow (between 0.5  to  1.0 per cent per day), and  this 
slow growth appears  to  limit in  some way the rate  of  entrance  of 
electrolytes since the osmotic pressure and the halide concentration 
of the sap are maintained at approximately constant levels. 
If the cell is impaled on a  capillary so that space is provided into 
which the vacuolar sap can move, the restriction due to the cell wall 
is abolished and under these conditions we should expect the rate of 
entrance of water and of electrolyte to increase. 
It will be shown that this prediction is realized: the rate of entrance 
of  both  water  and  electrolyte  is  increased  15-fold  on  the  aver- 
age. 
In the case of ttalicystis cells impaled on a  capillary for electrical 
measurements the rise of liquid in the capillary has been observed by 
Blinks) who states  ~ that  it may continue indefinitely.  He  did not, 
however,  study  the  phenomenon  systematically.  The  present  ex- 
periments are an outgrowth of Blinks' observations. 
Impaled  Valtmia  cells  have  been  used  by  Korumann  8 as  osmo- 
meters  in  hypertonic  solutions  containing  alcohols  and  salts,  but 
his results have no bearing on the present work. 
1 Blinks, L. R., J. Gen. Physiol.,  1934-35, 18, 409. 
2 Private communication. 
3 Kornmann, P., Protoplasma, 1934, 21, 340; 1935, 28, 34. 
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EXPER.IMENTAL 
Since Valonia cells  were first  impaled on capillaries  in order to measure poten- 
tial differences across the protoplasm,  4 a great deal of information has been ac- 
cumulated concerning their  behavior under these conditions.  It has been found 
that in a very great number of cases  the capillary  becomes plugged by a jelly-like 
material, probably derived from the protoplasm.  This material seems to have 
little  or no effect  on the electrical  properties of the system, but effectively  prevents 
the escape of liquid  from the vacuole.  Because of this  plug formation, the present 
experiments  were extremely tedious and time consuming.  By far the greater 
number of cells  impaled plugged the capillary  in a short time.  In a few cases the 
plug was removed by cautious reaming with a fine  tungsten wire, but in general 
the plug once formed was irremovable. 
The cells  were impaled on fine thin-walled eapillaries  drawn on the ends of 
thick-walled capillary tubes about 0.15 cm. in diameter and about I0 cm. long. 
The cell  impaled on the capillary  was supported on a glass  ring attached to the 
cork of a wide-mouth 4 oz. bottle,  in such a way that the cell  was immersed just 
below the surface of the sea water.  A  groove was cut in the side  of the cork in 
order to keep the pressure in the bottle at that of the atmosphere.  The bottles 
were immersed up to the neck in  a large  shallow tank, through which a moderately 
rapid flow of sea water was maintained.  This served roughly as a  thermostat 
keeping the temperature during the experiment at 17.5 ° C. 4- 0.5°C. 
Before impalement the volume of each cell was determined separateIy by the 
method described in a previous paper#  At intervals, after impalement, measure- 
ments of the height of the liquid in the capillary were made, using a micrometer 
ealiper reading to 0.002 cm.  The liquid was allowed to rise only a few centimeters 
in the capillary before it was removed by means of a  fine capillary, tube.  This 
prevented the development of too great a hydrostatic pressure. 
The rise of liquid in the capillary was observed for about 48 hours in most cases, 
after which the cell sap was extracted for analysis for potassium and chloride. 
The former was determined on 0.1 ml. samples by micro-gravimetric analysis as 
K2PtCls and the latter on 0.1 mi. samples by potentiometric titration with silver 
nitrate. 
A group of cells from the same collection as the impaled cells was analyzed for 
potassium and halide with the following results, K  =  0.5123  ~, halide =  0.6166 ~r. 
These figures were used in calculating the number of moles of potassium and halide 
initially present in each case.  This procedure is not wholly satisfactory, since it 
neglects the natural variations in composition among the cells.  However, since 
all cells used for impalement, for initial analysis, and for volume change of un- 
40sterhout,  W. J.  V., Damon,  E.  B., and Jacques, A.  G., Y. Gen.  Physiol., 
1927-28,  11,  193. 
5 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1931-32, 15, 537. A. G.  JACQUES  149 
impaled cells, were derived from the same collection, and had been kept in running 
sea water in  the laboratory under  precisely similar conditions it is considered 
that the natural variations would not have been great enough to vitiate the calcu- 
lations.  This is certainly true of the halide calculations. 
In this connection the recent analyses of Steward and Martin s are of interest. 
Their results show that  the halide and potassium concentration of cells stored 
in the laboratory tended to become stabilized at fairly constant values. 
TABLE  I 
Increase in Volume and Moles of Potassium and Halide in Impaled  Valonia Cells 
in 48 Hours 
Final molar concen-  Increase in  Per cent increase 
[  teas1  he!  tratmn  (moles X  10Q*  in moles 
Cell No.  m  VOlUnle  --  -- 
__  __a  48 hrs  .P°tasslum  Halide  Potassium  Halide  PotaS-sium __Halide 
C$.  M  M 
1  0.198  0.4949  0.6171  0.844  1.226  21.1  25.5 
2  0.124  0.4872  [0.6162  0.461  [  0.763  15.8  21.7 
3  0.062  0.5000  0.6183  0.270  0.388  16.1  19.2 
4  0.133  0.4949  10.6109  0.586  [  0.789  27.5  30.8 
5+6+7t  0.289  0.515610.6089  1.535  [  1.656  22.0  20.0 
8+9+10t  0.471  0.5105  [ 0.6175  2.372  [  2.925  25.9  26.6 
Average .................................................  21.4  23.9 
Increue 
in 
volume 
per ccng 
25.5 
21.7 
18.9 
32.0 
21.5 
26.4 
24.3 
* The increase in moles has been calculated as the  difference between moles 
initially present and moles present at the end of the experiment.  These data are 
omitted from  the  table, but  they can  readily be calculated by calculating the 
initial and final volumes from the volume increase and per cent volume increase 
in moles  X  104  =  concentration  X volume in  cubic centimeters ×  10.  Initial 
concentrations of K  and halide were 0.5123  ~  and 0.6166 ~r respectively. 
'[ The sap of these three cells was combined for analysis. 
Another similar group of 10 cells was used to determine the volume change of 
unimpaled cells kept under the same conditions. 
In all, the increase in volume of the sap of eighteen impaled cells was followed. 
In some cases no analyses were made, as the sap was lost, and in others the sap 
was used for pH determination. 
The experiments were carried out in Bermuda in the winter of 1936-37, in the 
6 Steward, F. C., and Martin, J.  C., Carnegie Institution of Washington, Pub. 
No. 475, 1937,  117. 150  KI~'-ETICS  OF  PENETRATION.  XV 
dim light of a basement laboratory.  The air temperature varied between 18  ° and 
210C. but the bath in which the bottles were immersed was at 17.5°C.  4- 0.5°C. 
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FIG. 1.  Rate of increase of sap volume of impaled cells of Valonia macrophysa. 
Some results are given in Fig. 1 and Table I. 
In Table  I  we have  included only the  ten  cells for which we have A.  G.  JACQUES  151 
sap analyses at the end of the exposure.  And the total increase in 
the volume of the sap has been calculated from the rise of the liquid 
in the capillary by the usual formula 
Volume -- ~rr  2  h 
where h is the capillary rise.  r was measured directly by the micro- 
scope by means of  a  micrometer eyepiece.  The number of moles 
of potassium and halide passing into each cell has been calculated as 
the difference between moles originally present in the sap and moles 
present at the end of the experiment. 
Fig. 1 gives a selection of curves showing the increase in the volume 
of the sap with time.  Fifteen cells were followed for the full 48 hour 
period.  The average volume at the start was 0.491 cc.  The largest 
cell volume was 0.779 cc.  and the smallest 0.209 cc.  The average 
increase in volume was 0.121 cc.  or 24.7 per cent with an average 
deviation from the mean of 4.5 per cent.  The smallest volume in- 
crease was 15.6 per cent and the largest 41.4 per cent.  There was no 
discernible correlation between the size or shape of the cell and the 
rate of increase in volume. 
The  curves  are  typical.  Curves  not  given  have  been  omitted 
merely in order to avoid too much overlapping of points. 
DISCUSSION  O~  RESULTS 
Fig. 1 shows that the rate of increase of volume of the cell sap was 
greatest at the beginning.  The initial rate, however, diminished in 
from 2  to  5  hours,  and  subsequently it was  approximately linear. 
It seems probable that the first rapid increase of volume represents 
an adjustment of the osmotic pressure relationships of the sap  and 
sea water due to dilution of the sap because water enters more rapidly 
than electrolyte.  This would be  expected when the  restriction of 
the cellulose  wall is removed. 
A  number of  measurements of  the  freezing point  depression of 
Bermuda sea water and of  Valonia  cells growing in it were made, 
while the experiments described in this paper were in progress.  As 
anticipated  from  the  fact  that  unimpaled  cells  have  considerable 
turgidity it was found that the freezing point depression of the sap 
was always greater than that of the sea water. 152  KINETICS  OF PENETRATION.  XV 
The  average freezing point of Bermuda sea  water  7 is  -2.021°C. 
which corresponds very closely to  the freezing point of a  0.603  M  8 
KC1 or NaC1  solution.  The average freezing point of the sap  was 
-2.150°C.  which  corresponds  to  the  freezing  point  of  a  0.640 
KC1 or NaC1  solution.  In order  to bring the concentration of the 
sap down to 0.603  M, it would be necessary to dilute each 1.000  cc. 
to 1.061 cc. 
It  seems highly probable  that  after  the  linear  rate  has  been  es- 
tablished, electrolyte and sap enter at such a rate as to keep the total 
concentration in the sap approximately constant. 
The question now remains whether there is any evidence that the 
sap is diluted sufficiently during the early rapid entrance to bring the 
osmotic pressure of the sap down to that of the sea water. 
Let us  take  the  curve for  cell  1.  During  the first  300  minutes 
(after which the rate became linear) the volume of the sap increased 
by 0.042  cc.  But the original volume was 0.776  cc., so that if only 
water had entered the  cell  the  concentration  ° would have  dropped 
from 0.640  to 0.607  M.  But during this period electrolyte also en- 
tered and it may be assumed that the rate of entrance was not less 
than that during the linear part of the curve.  In order to estimate 
the dilution we may break up  the process of entrance in  the rapid 
stage into two parts,  (a)  the dilution of the sap by pure water, and 
(b) the concurrent addition of undiluted sap to the sap.  Interpolat- 
ing from the linear part of the curve we find that in 300 minutes, the 
equivalent of 0.018  cc. of undiluted sap was added to the sap.  The 
amount of pure  water  added  was  therefore  0.042  cc.  -  0.018  cc. 
=  0.024  cc.  This  would  cause  the  concentration to  fall  to  0.794 
+  0.818  of  0.640  ---  0.621  ~.  Similar  calculations  for  the  other 
curves yield similar results. 
Apparently, therefore, the maximum possible dilution is not enough 
The freezing  points were determined by means of a Heidenhain thermometer 
calibrated at the Bureau of Standards. 
s This figure has been derived by plotting the freezing point  data given in 
Landolt, H., and BSrnstein, R., Physikalisch-chemische  Tabellen, Berlin, Julius 
Springer, 5th edition, (Roth, W. A., and Scheel, K.), 1923, vol. 2, 1446 and 1452, 
and interpolating from the linear curve obtained. 
9 This is the theoretical concentration in terms of KCI or NaCI derived from 
freezing point measurements. A,  G.  JACQIYES  153 
to abolish the difference in osmotic pressure between the sap and sea 
water. 
Returning to the actual figures, the initial halide concentration was 
0.6166  ~.  And  the  average  halide  concentration  of  the  sap  of im- 
paled cells at the end of 48 hours was 0.6148 ~.i0  This represents an 
even  smaller  dilution  than  that  calculated.  This  may  mean  that 
during the linear stage, the electrolyte concentration gradually builds 
up after  the first dilution.  In view of the  natural  variation  of the 
cells it is difficult to draw definite conclusions, but it seems possible 
that  in  spite  of  the  impalement  the  osmotic pressure  of  the  sap  is 
maintained  at a  level higher  than  that of the sea water. 
It was found that  the unimpaled  cells grew at the rate of 0.8 per 
cent per day during the first 48 hours.  This rate was in fact main- 
tained for  10  days,  at  the  end of which time growth measurements 
were stopped.  The halide content of the sap of these cells at the end 
was 0.6154 ~. 
By contrast  the volume of the impaled  cells grew at the average 
rate  of  12  per  cent  per  day  or  15  times  as  fast.  Moreover  from 
Table I  it appears that the percentage increase in the moles of halide 
was almost as great as the percentage increase in the sap volume, so 
that  the  entrance  of electrolyte was also about  15  times  as fast as 
into unimpaled cells. 
It will be observed that the percentage increase in potassium moles 
was somewhat less than  the volume increase.  This may mean that 
the  ratio  of K/Na  in  the  sap  decreased during  the  experiment;  on 
the other hand it may be the result of natural variation. 
We may now consider the possible reasons for the striking difference 
in  the  rate  of  entrance  of water  and  electrolytes into  impaled  and 
intact cells. 
The method of treatment which follows is derived from the  theo- 
retical  interpretations  given by Osterhout n  and by Longsworth  TM for 
10 The discrepancy between the concentration 0.640 x~ which is the concentra- 
tion of a solution of KCI or NaC1 equivalent to that of the sap, is made up in part 
by the nitrate  concentration of the sap which is on the average 0.016 M.  The 
remainder may be due to bicarbonate ion and other organic anions. 
11 Osterhout, W. J. V., J. Gen. Physiol.,  1932-33, 16~ 529. 
12 Longsworth, L. G., ]. Gen. Physiol.,  1933-34, 17~ 211. 154  KINETICS  01~  PENETRATION.  XV 
the guaiacol model.  The model consists of an "oily" layer (guaiacol) 
separating two aqueous layers.  It seems probable that the Valonia 
cells and the surrounding sea water form essentially the same sort of 
system, with the important difference that in the unimpaled cell the 
vacuole is an enclosed space, not a free space as is the corresponding 
space in the model.  From electrical considerations it seems probable 
that the protoplasm consists of "oily" surface layers separated by an 
aqueous layer.  But for the present purpose it may be treated as a 
single "oily"  layer.  In the model it is assumed that at each phase 
boundary there are a  pair of adjacent unstirred layers, one on  the 
aqueous  and  the  other  on  the  non-aqueous  side  of  the  boundary. 
Similarly in the cell there are two pairs of adjacent unstirred layers, 
one pair  at  the  sap-protoplasm  interface and  the other at  the  sea 
water-protoplasm interface.  It is assumed that immediately at the 
interface between two unstirred layers the solutes are in equilibrium. 
In the equilibrium region the ratio of the concentration of a solute in 
the protoplasmic surface to its concentration in the external aqueous 
phase  is  its  partition  coefficient.  It  is  assumed  that  ionization  is 
negligible in the non-aqueous layers of the protoplasm so that solutes 
and water transferred between the sea water in the sap must diffuse 
in the non-aqueous portion of the protoplasm chiefly in the molecular 
form. 
It is supposed that bases, M +, are transferred between the sap and 
sea water in the form of MX,  where X  is the anion of a  weak acid 
HX elaborated by the protoplasm. 
For the flux of bases  13 we may derive the following equation 
aM  AD~Xk~°u" {S~  x [i]o(OH)o[HX]op -- s~x[MldOH)dHXhp}  (a) 
dt  h 
and for the flux of water 
dI-I,O  AD  H~O 
dt  h  {s~ 2° [H20]o  -  S~  '°[H2o]~}  (b) 
xs Each base M + is necessarily accompanied by anion, but this particular anion 
does not necessarily appear in the sap.  In  the model, for example, potassi,am 
moves  through  the  guaiacol in  the  form  of potassium  guaiacolate  (called for 
convenience  KG),  but  it  appears  in  the  internal  aqueous  phase  as  potassium 
bicarbonate due to the decomposition of KG by carbonic acid.  In the case of 
Valonia it is MCI which appears in the sap, but the method by which the C1- ion 
enters the sap is not important for the present discussion. A. G.  JACQUES  155 
where D  indicates the diffusion constant,  S  the partition coefficient, 
h the thickness of the diffusion layer, and A  its area.  o refers to the 
sea water, i  to the sap,  op  to the aqueous unstirred layer at the sea 
water-protoplasm interface, and ip to the aqueous unstirred layer at 
the sap-protoplasm interface.  Unless otherwise stated we are dealing 
in  each  case  only  with  the  part  of  the  unstirred  layer  where  the 
solutes  are in equilibrium  across the interface.  Square brackets in- 
dicate concentrations and round brackets activities. 
In equation  (a) 
Uoo,. =  ._cy~ kh~d.(H~O)o~  .,-¢,~ kh~,(H,O),~ 
The assumption is made that corresponding activity coefficients in 
the sap  and sea water are equal since the ionic strengths of the two 
aqueous phases  are  sufficiently alike.  The  activity of water in  the 
two phases is also assumed to be the same. 
Equation (a) is derived in the following manner: we put 
[MX]po  ffi Sov[MX]ov,  and  MXv,  ffi S~v[MX]~v 
where po refers to the protoplasm side of the sea water-protoplasm interface and 
#/to the protoplasm side of the sap-protoplasm interface. 
It is now assumed that, 
[M]op = [M]o,  and  (0H)o~- (0H)o,  and  [M]sp = [M]g,  and  (0H)s~ =  (0H)i 
that is to say that for these ions derived from the sea water or sap there are no 
gradients in the aqueous unstirred layers.  This will not be true of HX or X ions 
which are derived from the protoplasm.  And for these we must employ the con- 
centrations in the aqueous layers in equilibrium,  since these concentrations deter- 
mine the rate of entrance. 
Now HX is a  weak acid.  Consequently its salts are hydrolyzed in aqueous 
solution according to the general  equation, 
M+ + X- +  H20 ~  M+ -I- OH- +  HX 
for which the formal therm6~lynamic mass action equation is 
tUlo(OH) otHXlo~ aC~o aeo~  x  tM],(Om, [~X],,, ac,  ~  ae,  ~X 
[MX]op(H,0)o~ ,j:o  Mx  =  [MXli~(H,0)I~  fMf  =  khyd. 156  I~NE~ICS  O]~  PENETRATION.  XV 
Now 
DM  AD  Mx 
A~X 
--  (So,, [MX]o,,  -  3~  [MX]~v) 
h 
In this equation we substitute for [MX]o. and [MX]~p the values obtained from 
the hydrolysis equation above and in this way obtain equation (a) for a cell with a 
protoplasmic surface of unit area and thickness. 
By making the reasonable assumptions that [I-IX] o. =  [HX] ~  = 
MX  I-b.O  constant,  that S o~:  =  S i~,  and  that  Sop  =  S~  °  we  can  reduce 
equations (a) and (b) to 
dM 
-- =  h,(lM]o(OH)o  -  [MJi(OH)i)  (c) 
dt 
dH20 
=  k,([H,O]o  -  [H,O]~)  (#) 
d~ 
The interdependence of these two processes will be  dearer if we 
realize that equation (d) may be written 
t  ~,o  =  k,(c~ -  co)  (,) 
dt 
in which C  =  the osmolar concentration.  Or 
dtt,O _~ k~ (u  ~Cl~ [MC1]I +  tt  '~i [m]i -- u tact° [MCI]o -  u  '~°  [re]o)  (f) 
dZ 
where u is the osmotic coefficient, M  =  K  +  Na, and m =  all osmot- 
ically active constituents except NaC1 and KC1.  Equations (c) and 
(]') may be compared with the equations developed by Jacobs  14 for 
the simultaneous penetration of a  solute and water into  cells.  15  k, 
14 Jacobs, M. H., Y. Cell.  and Comp. Physiol.,  1932-33, 2~ 427; 1933-34, 4, 161. 
x5 The situation is complicated in the case of Valonia by the entrance of halide 
in some form.  Tentatively we shall assume that halide passes through the proto- 
plasm as NaC1,  and that at the protoplasm-sap interface C1 is exchanged for Z, 
the anion of weak acid, HZ, which is found in the s~p and that this process  goes 
on at such a  rate that all MOH entering the sap is transformed to MC1.  Thus 
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and  k~  are not,  as they are in  Jacobs'  equation,  comparable  "per- 
meability  constants"  because  the  concentrations are not  expressed 
in  the  same  terms.  However,  the  same  considerations  apply  in 
certain respects. 
Thus there are  three  main  possibilities,  (~)  k2,  the  permeability 
constant of water, may be much  greater  than k~,  the permeability 
constant of the electrolyte, (b) kl may be very great compared with 
k2; (c) k2 and kl may be of the same order of magnitude. 
In  the case of  Valonic~ the evidence suggests  that  condition  (a) 
obtains since it is observed that in hypertonic sea water the cell softens 
very rapidly due to the loss of water, and that in hypotonic sea water 
it hardens very rapidly due to the gain of water. 
Under these conditions, as Jacobs points out, the cell sap might be 
expected to be in osmotic equilibrium with the sea water since the 
entrance of electrolyte would be followed at once by the entrance of 
enough water to restore the balance.  Approximately this condition 
is fulfilled in  the impaled cell,  except that  apparently the osmotic 
pressure of the sap is slightly in excess of that of the sea water.  This, 
however, is not definitely established.  As pointed out earlier in the 
paper  there is  evidence that  some osmotic adjustment takes place 
when the cell is impaled, but the concentration of the halide seems to 
decrease too little to produce osmotic equilibrium. 
In both intact and impaled ceils, the electrolyte may be considered 
to enter at a rate proportional to the gradient  16 
[MIo(OH)o -  [~I~(OH)~ 
But since the rate of electrolyte entrance is much less in the intact 
than in the impaled cell we should expect the gradient to be smaller 
in the intact cell.  In this case therefore we should expect the con- 
centration of MCP  ~ in the sap to be much higher in the intact than in 
the impaled cell, since in this way the gradient would be smaller as 
required by the theory.  This is  contrary to  observation since ap- 
16 This  hybrid  expression containing activities  and  concentrations is  used 
because the available data are the concentrations of potassium and sodium in the 
sap and sea water from analytical data, and the hydrogen ion activities from pH 
measurements.  The activity coetficients  are not known. 158  KINETICS  OF  PENETRATION.  XV 
proximately  the  same  steady  state  is  observed  in  both  intact  and 
impaled cells. 
An increase  in  the  gradient  could  occur if  the  pH  of  the  sap  de- 
creased  on  impalement.  But  within  the  limits  of natural  variation 
the pH of both impaled and intact cells  seemed  to be about the same. 
Since  the  carbon dioxide  in  the  sap  appears  to  be under  slight pres- 
sure,  impalement  might  be  expected  to  relieve  this  pressure.  This 
should,  however,  cause  the  sap pH  to  rise  which  is  a  change  in  the 
wrong direction. 
Some figures may be illuminating.  In an intact cell under normal conditions 
we may calculate  the gradient  for potassium  entrance approximately from the 
following data, 1~ 
[Klo -- 0.012 t,,  (OH)o  -- 10"-*,  [Klt -- 0.5 ~t,  (OH)i  =  10  4. 
Hence the gradient 
[K]o(OH)o -  [KI~(OH)~ -- (12 X  I0-*) -  (5 X  10-") =  7 ×  10-9. 
Obviously no change in [K]~ or (OH)~ can bring about a  15-fold  increase in the 
gradient since even if the fight hand term vanishes the increase will  be less than 
2-fold. 
In the impaled cell the gradient has approximately this value and one-fifteenth 
of it is 4.7 ×  10 -19.  Hence to attain this value the internal product would have to 
increase to  11.53  ×  10 -9.  If the sap pit remains at 6.0 this  can occur if  [K]~ 
increases from 0.5 ~  to 1.15 M, or if [K]~ remains constant at 0.5 ~  by an (OH)i 
increase to 23  ×  10 -9 corresponding to a pH of 6.36.  This is conceivable but 
not likely since because of the pressure developed in the intact cell its pH is likely 
to be less than that of the intact cell.  Actually the pH of the sea water especially 
in  the outer protoplasmic layer is apt  to be somewhat greater than that of the 
main mass of the sea water,  during illumination,  since carbon dioxide may be 
withdrawn from that layer photosynthetically.  If for example immediately at 
the sea water-protoplasm interface, the pH is 9.0 (which it may well be since we 
have evidence that by photosynthesis the pH of even a large amount of sea water 
in a stoppered  is bottle may be raised as high as 9.5) the gradient would be (120  × 
10 -9  )  -  (5  ×  10 -9  )  ~  115  ×  10 -9  .  One-fifteenth of this is  7.7  ×  10 -9  .  To 
obtain this value the right hand term of the gradient equation must be 112.3  × 
10 -9, so that if the pH remains constant [K]~ must increase to 11.23 ~r or if [K]~ 
17 Calculations for entrance of sodium which is going on simultaneously are 
omitted since they add nothing new. 
is See also Crozier, W. J., J. Gen. Physiol., 1918-19, 1, 581. A.  G.  JACQUES  159 
remains constant the pH must increase to 7.35.  Obviously these are impossibly 
large changes. 
The third case (c) where kl (the rate constant for  the electrolyte) 
and k~ (the rate constant for the water) are of the same order of mag- 
nitude  can  be dealt with briefly since it resembles case  (a)  closely. 
In the impaled cell where water can enter freely, the concentration 
in the sap  is  determined by  the relative  magnitudes of  kl  and k2 
as it is in the guaiacol model.  We should not expect approximate 
osmotic equality  at  this steady  state  except as  the  result of pure 
chance. 
It is therefore interesting that in the case of Halicystis,  also, to be 
discussed elsewhere, the sap and sea water in the impaled  cell  are 
approximately in osmotic equilibrium.  As in case  (a)  where kl is 
very small compared with k2, when the  cell is intact we  should ex- 
pect the gradient to be smaller in agreement with the slower rate of 
electrolyte entrance.  This, as pointed out before, would necessitate 
an increase either in the MC1 concentration or the pH  of the sap. 
Neither of these things is observed. 
In  case  (b)  kx  is  extremely  large  compared  with  k~.  On  this 
basis we should expect the gradient  [M] o (OH)o  -  [M]~ (OH)~  to 
be very nearly zero at all times since the entrance of water would be 
followed at once by the entrance of enough electrolyte to abolish the 
gradient. 
Considering potassium only and using the data given above the 
minimum concentration of potassium in the sap which would satisfy 
the condition of zero gradient would be 1.2 ~.  In this case, since the 
gradient is already maintained close to zero, it would require only a 
very small change in MC1 or in the pH of the sap to decrease it to 
one-fifteenth of its value in the impaled cell.  Such a  change might 
easily go undetected analytically.  Thus theoretically we could have 
in this case the same steady state in both intact and impaled cells 
within the limits of experimental error.  But the concentration level 
of the sap would be far above that of the sea water.  This has never 
been observed. 
The foregoing leads to the conclusion that it is impossible to ex- 
plain  the  increased  rate  of  electrolyte  and  water  entrance  in  the 
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In seeking for other explanations we have considered the possibility 
that  impalement  produces changes in  the protoplasm which lead to 
changes in its permeability. 
We may assume that  in  the impaled  cell  water  enters  so rapidly 
that  any increase in osmotic pressure of the  sap just inside the pro- 
toplasm is at once abolished by the entrance of water.  In the intact 
cell where the entrance of water is limited by the slow growth of the 
cell  electrolyte tends  to raise  the osmotic pressure of the  sap much 
more.  The cellulose envelope can be stretched up to a  certain point 
and a  little water can be added to increase the volume of the sap in 
this  way.  But the limit  to which  the  envelope can  be stretched  is 
soon  reached.  Thereafter  as  more  electrolyte  enters  the  vacuole 
tends to gain water at the expense of the protoplasm.  For simplicity 
we may assume that when the sap gains in volume by taking water 
from the protoplasm, the protoplasm decreases in volume by the same 
amount. ~9  We assume also that because  of  the  high rate of diffusion 
of water in  the protoplasm,  any water gradient  set up by the with- 
drawal of water into the sap is at once abolished.  Thus the state of 
hydration is uniform throughout  the non-aqueous part of the  proto- 
plasm. 
The protoplasm  has three layers with an aqueous layer W  enclosed 
between two non-aqueous layers, X  at the sea water side and Y at the 
sap side.  At first sight it might seem that water would be withdrawn 
from W rather than from X  and Y.  But it must be remembered that 
W  is not pure water but is a  solution, and it is fair to assume that it 
is in approximate  equilibrium  with both  the sea water and the sap. 
Any water it may lose will  therefore be  replaced from these phases, 
and as far as W is concerned X  and Y serve merely as osmotic mem- 
branes separating it from the sea water and sap. 
We may picture the dehydration process as follows.  The cell wall 
has  already  been  stretched  to  its  greatest  extent  but  a  little  more 
electrolyte enters the sap and raises its osmotic pressure.  As a result 
some water is removed from the  Y layer, in turn  some water moves 
from the W layer to Y, and is at once replaced by water moving into 
19 Not quite true since the components do not mix in all proportions and there- 
fore do not form an ideal solution.  The effect of the slight volume changes which 
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W from X.  But X  cannot regain the water it loses because the cell 
wall is already stretched, and if water enters X it will cause an increase 
in the volume of the sap plus the protoplasm, which is impossible until 
the cell wall grows.  These processes presumably take place so rapidly 
that  the  dehydration  takes  place  uniformly  throughout  the  non- 
aqueous protoplasm, and it should be dear that W contributes little 
or no water to the sap. 
The dehydration of the protoplasm may be supposed to have two 
important effects. 
(a)  The viscosity of the non-aqueous layers of the protoplasm may 
be  increased and  thereby  the  diffusion constants of each  diffusing 
molecular species may be decreased. 
(b)  The  solubility  of  each  diffusing species  in  the  non-aqueous 
protoplasmic layers may be decreased thereby decreasing the partition 
coefficient of each species.  This effect would decrease the gradient of 
concentration of a species in the protoplasm. 
Reduced to its essentials the rate equation for electrolyte entrance 
may be written for a cell surface of unit area and thickness, 
dM 
=  D~xsMX([MX]op  -- [MX],~) 
dt 
This may be written 
dM 
ffi  keon.(IM]o(OH)o  -- [M]i(OH)g) 
dt 
of which the gradient term remains reasonably constant.  Therefore 
if  either  D  Mx  or  S  Mx  decreases  the  rate  of  electrolyte  entrance 
decreases. 
In the impaled cell we may suppose that the  non-aqueous proto- 
plasm is saturated with water at all times, but in the intact cell the 
degree of hydration is  changing continually.  And in  the limit we 
assume that it may be so low that the protoplasm is at times imper- 
meable to  some at  least  of  the  electrolytes which normally enter. 
The changes in rate in response to changes in the degree of hydra- 
tion of  the  non-aqueous protoplasm  may  allow  the  cell  to  main- 
tain the osmotic concentration of the sap at a  nearly constant level 
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sap, however, is the resultant of the diffusion of a number of molec- 
ular species at various rates,  to  and from the vacuole.  We should 
scarcely expect that the dehydration  of the protoplasm would affect the 
diffusion and partition coefficient of each species relatively to the same 
extent, so that when a cell is impaled and takes in electrolytes its sap 
composition might be expected to change.  We did not observe such a 
change, but 48 hours may have been too short a period for an observ- 
able alteration, especially as the sap composition of normal intact cells 
is variable,  s° although the osmotic concentration is not.  It would be 
a formidable undertaking to carry out experiments for longer periods, 
because of the great difficulty in keeping the capillary from plugging. 
There is also the possibility that the permeability of the protoplasm. 
remains unchanged to all diffusing species until a  critical degree of 
hydration is reached, whereupon it becomes temporarily impermeable 
to  all  species.  This  would  account for  the  constant  composition. 
It is also possible that there are other consequences of impalement 
which affect the permeability of the protoplasm.  Thus it has been 
suggested to us by L. G. Longsworth  21 that since the turgor pressure 
disappears on impalement the state of compressibility of the proto- 
plasm is changed. 
SUMMARY 
When Valonla cells are impaled on capillaries, it is in some ways 
equivalent  to  removing the  comparatively inelastic  cellulose wall. 
Under these conditions sap  can migrate into a  free space and it  is 
found that on the average the rate of increase of volume of the sap is 
15 times what it is in intact cells kept under comparable conditions. 
The rate of increase of volume is a little faster during the first few 
hours of the experiment, but it soon becomes approximately linear 
and remains so as long as the experiment is continued. 
The slightly faster rate at first may mean that the osmotic pressure 
of the sap is approaching that of the sea water (in  the intact cell the 
sap osmotic pressure is always slightly above that of the sea water). 
This  might result  from a  more  rapid  entrance  of  water  than  of 
so See Stewart, F.  C., and  Martin, J.  C., Carnegie Institution  of Washington, 
Pub. No. 475,  1937,  87. 
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electrolyte, as would be expected when the restriction of the  cellu- 
lose wall was removed. 
During the linear part of the curve the osmotic concentration and 
the  composition of  the  sap  suffer no  change,  so  that  entrance  of 
electrolyte must be 15 times as fast in the impaled cells as it is in the 
intact cells. 
The explanation which best accords with the facts is that in the in- 
tact cell the entrance of electrolyte tends to increase the osmotic pres- 
sure.  As a consequence  the protoplasm is partially dehydrated tempo- 
rarily and it cannot take up more water until the cellulose wall grows 
so that it can enclose more volume.  The dehydration of the proto- 
plasm may have the  effect of making the non-aqueous protoplasm 
less permeable to electrolytes by reducing the diffusion and partition 
coefficients on which the rate of entrance depends.  In this way the 
cell  is  protected against  great  fluctuations in  the  osmotic concen- 
tration of the sap. 